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Justin Sharp, Ph.D. and Sharply Focused

* 1year at BPA

* 6 12 years at Iberdrola iE | o @ locused
—y 1 2 Renewable Resources
« Founded Sharply Focused -—-:_V__, -
LLC in March 2012 “7“?

] 3367 NE Oregon Street,

U . Portland, OR 97232

B ] ‘ ® 503-709-9781
e K1 justin@sharply-focused.com
Iots [\ 4

« Bridges the meteorology/
electric utility knowledge and
culture divide

« Major clients include
EPRI, PGE, DOE, Vaisala
and Lockheed Martin.
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Outline

* Motivation for WFIP2
 Experimental design (field campaign)
* Analysis of observations

* Model development

* Transfer to industry

* Summary

The Wind Forecast Improvement Project In Complex Terrain (WFIP2)
Sheroly Northwest Weather Workshop, Seattle, WA — March 4, 2016 m

© Sharply Focused LLC & Vaisala Inc.. Distribution Prohibited Without Express Written Permission 4



Motivation:
Wind Forecasting in Complex Terrain is really hard...

lkm WRF GORGE RESEARCH SIMULATION Init: 1200 UTC Sat 24 Apr 10
Fest: 9.00 h Valid: 2100 UTC Sat 24 Apr 10 (1400 PDT Sat 24 Apr 10)
120 W

Example of mountain
waves coming off the
Cascades and a wake in

100

s oo, the lee of Mount Hood
RS i — LS from a 1KM WRF
P Sem KM W
"/:r-f MO0 (S, SIS model simulation

X’s mark typical global

model resolution.
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Model Info: V3.0 No Cu  YSU PBL Ferrier Ther—Diff 1.0 km. 30 levels, 6 sec
LW: RRTM EW: Dudhia DIFF: simple KM: 2D Smagor

Northwest Weather Workshop, Seattle, WA — March 4, 2016
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...and Small Errors have a Profound Impact

20 -

‘TU)
£ 15F
o

--7g--Rated Speed--flh------=-mnunnn-- N

L Y e el G ]
-

144 168 192 216 240
Hour in Simulation Period

* Wind speed predictions are highly sensitive to the values of PBL Parameters
» Power predictions are even more so! Why?

The Wind Forecast Improvement Project In Complex Terrain (WFIP2)
Northwest Weather Workshop, Seattle, WA — March 4, 2016 m
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Movies/PowerCurveMovie.avi

A2e’s R&D Investments:

 Wind Forecast Improvement Project
WEFIP 1 -> WFIP 2
Vaisala, Inc. team; NOAA; DOE National Labs

« Experimental Planetary Boundary
Layer Instrument Assessment (XPIA)

Dr. Julie Lundquist PI; (Univ. of Colorado)

ATMOSPHERE
TO ELECTRONS

U.5. DEPARTMENT OF ENERGY

SC|ent|f|c Challenges for Wind Energy

NWP models are excellent at forecasting general weather,
optimized for temperature & precipitation
» Historically, errors tolerated for wind predictions at turbine
heights result in significant errors in forecast power; PocV3
* Mesoscale atmospheric structure drives the microscale
wind plant inflow but turbulence processes, temporal and
spatial scales are mismatched:
o Mesoscale =3 km grid spacing, hour timescale variability
o Microscale =1-10 m grid spacing, second timescale
variability
* Conventional parameterizations not scale-independent or -
aware
o Not designed to capture heat flux or moisture variability on
high-resolution grids or in complex terrain
o For the mesoscale, often assumes stationarity and horizontal
homogeneity of subgrid-scale processes
o Sharp surface moisture and temperature gradients increase
errors
* Improved NWP data assimilation methods are needed for
state-of-the-art observations.

Providing the physics to bridge grid resolution

gap from 3 km to 750 m
o Examining the physics of the atmosphere at the
scales needed for accurate wind characterization
o Meso-to micro scale numerical coupling methods
based on improved physics
o First step in capturing large scale complex terrain
variability
Remote sensing instrument validation for state-

The Wind Forecast Improvement Project In Complex Terrain (WFIP2)
Northwest Weather Workshop, Seattle, WA — March 4, 2016
© Sharply Focused LLC & Vaisala Inc.. Distribution Prohibited Without Express Written Permission
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WFIP Premise

Forecast Errors Expensive for Wind Industry
Two Main Ways to Improve Short-Term (0-45 hr) Wind Forecasts

Improvement of Model Initialization
Hypothesis: More accurate model initialization will provide a more
accurate forecast
Current initialization data thin, particularly upper air
First field study (WFIP1): 2011-2012
Supplemented two areas with extensive observations
Demonstrated modest improvements in forecast accuracy

Improvement of Model Physics
Current parameterizations do not effectively account for complex
terrain, where horizontal gradients are often important
Second field study (WFIP2): 2015-2016 with model analysis in 2017
Focus is to collect observations to evaluate and improve model
physics, particularly for complex terrain, where much wind power is
deployed

The Wind Forecast Improvement Project In Complex Terrain (WFIP2) m
Northwest Weather Workshop, Seattle, WA — March 4, 2016
© Sharply Focused LLC & Vaisala Inc.. Distribution Prohibited Without Express Written Permission 8
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WFIP2 Implementation

* Funding Opportunity
Announcement released by
DOE in 2014

* Vaisala, Inc. selected as
awardee

* Awardee works with larger,
integrated WFIP 2 team:
—NOAA-OAR

—4 DOE Laboratories:

» Argonne National
Laboratory

» Lawrence Livermore
National Laboratory

» National Renewable
Energy Laboratory

 Pacific Northwest
National Laboratory

Sharply
Foeused

Experimental
Design

Instrument

Model
Development

Data

7 different teams report
to Steering Committee

Steering

Verification &
Validation

Uncertainty
Quantification

Decision
Support Tools

The Wind Forecast Improvement Project In Complex Terrain (WFIP2)
Northwest Weather Workshop, Seattle, WA — March 4, 2016
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Committee

Steering Committee is
composed of one
representative from:

— DOE HQ

— NOAA

— Vaisala

— DOE Labs

— DOE Contracting

VAISALA



GOALS

e Improve our understanding of atmospheric flows and processes that
occur in complex terrain and impact wind forecasts at hub heights.

* Instrument the Columbia River Basin study area and carry out an 18
month field campaign (began October 2015).

* Develop physical parameterizations in WRF-ARW (with a focus on RAP &
HRRR) to better represent physical processes and increase accuracy of
wind forecasts in the 0-15 hour range, as well as day-ahead forecasts.

* Develop decision support tools, e.g., probabilistic forecast information,
uncertainty quantification and forecast reliability for system operations.

* Transfer model improvements to NOAA/National Weather Service, other
international forecast centers, and private industry.

The Wind Forecast Improvement Project In Complex Terrain (WFIP2) m
Northwest Weather Workshop, Seattle, WA — March 4, 2016
© Sharply Focused LLC & Vaisala Inc.. Distribution Prohibited Without Express Written Permission 10
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Outline

* Motivation for WFIP2
 Experimental design (field campaign)
* Analysis of observations

* Model development

* Transfer to industry

* Summary

The Wind Forecast Improvement Project In Complex Terrain (WFIP2)
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Columbia River Basin

The Wind Forecast Improvement Project In Complex Terrain (WFIP2) Al A
Northwest Weather Workshop, Seattle, WA — March 4, 2016 . 1.5
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Key Phenomena in WFIP2 Region

sherman County Project
ITIER WRF Forecasts ana Actual Wind Speed

T "
i w e
‘é‘ ‘\f"r." o \

L RNEF /_/\/ ¥ Timing and intensity of
e T frontal passages

1740 12!
Gilllam County Project
3T1ER WRF Forecasts ana Aztual Wind Spesd

Orographic lee waves and

Sherman County Project
ZTIER WRF foracasts and Actual Wind Spasd

(A"

pir o
Vansycle Rigge Project
ITIFR WRF Formcants and Actual Wind Speed

Marine IaKer/
regional thermal contrast /—»
gap flows

Ever-present challenge:
Build up and erosion of stable layers

The Wind Forecast Improvement Project In Complex Terrain (WFIP2)
Northwest Weather Workshop, Seattle, WA — March 4, 2016
© Sharply Focused LLC & Vaisala Inc.. Distribution Prohibited Without Express Written Permission 17
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6* Synoptic Situations of Primary Concern for

Wind Energy g in Study Area

Description

Mountain wave and
wake flows in strong
W-NW flow aloft

Forecastin

Forecast issues

Will wave-induced
winds reach down to
turbine heights?
Trapped lee wave-
induced winds and
wakes from the big
mountains

have strong horizontal,

time-varying gradients
in wind speed

Model Challenges

Stable BL, resolution of
terrain, WRF dynamics for
vertically propagating and

trapped-lee waves launched
by complex terrain; horizontal
mixing in sloping terrain.
Accuracy of stratification and
wind profiles in lateral
boundary conditions

Time of year

Mainly cold
season

) Sharply
Fuseuged
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HRRR 750m Nest, 80m Wind Speeds

« Blocked flow upstream

of Cascades

* Downstream of
Cascades, locally

persistent but evolving
gap flows, downslope

winds, and mountain
wakes are prominent

47°N

46°N

45°N

43°N

Mt Hood

HRRR-WFIP2 750-m Nest Init: 2015-04-14_07:00:00
Valid: 2015-04-14_09:00:00

80-m Wind Speed (ms™) Mt Ad ams

Main

122°W 120°W 118°W 116°W

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

9 hour loop from 3am to noon PT
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Multl Scale Observatlons

ann a0 1200 Asb0 20N0 2400 26CO - 5200
Elev. (m)

11 wind profiling radars

b L':'-'& w I 449-MHz Wind Profiler 17 sodars
. 4 .915 MHz Wind Profiler ' 5 wind profiling lidars
Sodar | 4 scanning lidars
lear ]

| 4 radiometers
10 microbarographs
1 Ceilometer
2 scanning radars
28 sonic anemometers
5 radiative flux systems

& soil moisture

_"_, 4 _“.. Lo e N > d ; 180m Tower % —T*;*_ _*_ Biglow
-124 -123 -122 -121 -120 P ' Y on
PhySics Sitegut . Tower

2 Km

The Wind Forecast Improvement Project In Complex Terrain (WFIP2) mm

Northwest Weather Wor, fﬁ&% t@ — March 4, 2016
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Primary Models (Hourly Updated)

Expanded (new) RAP domain (13 km)

RAP (13km)
Rapid Refresh

HRRR (3km)
High Resolution
Rapid Refresh

HRRR Nest (750m)




Outline
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Motivation for WFIP2

Experimental design (field campaign)
Analysis of observations

Model development

Transfer to industry

Summary

The Wind Forecast Improvement Project In Complex Terrain (WFIP2)
Northwest Weather Workshop, Seattle, WA — March 4, 2016
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Model/obs evaluation web page
http://wfip.esrl.noaa.gov/psd/programs/wfip2/

Search PSD:

Q‘y Earth System Research Laboratory I

Physical Sciences Division igter | Eachial Putiications

 Observations from

L i S
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Physical Sciences Division About  Contact
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Physical Sciences Division About Contact Research Data Products Outreach Intranet
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¥ Comparison of CTL & EXP HRRR
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¢ Event Logging

« Classify weather events  Weekly weather discussions
« Document main features Discuss results of RAP/HRRR
« Compare model performance testing

« Select case studies
E E\"em LDg foseph.b.olson@noaa.gov +
File Edit View Inset Formal Data Tools Add-ons Help  All changes saved in Drive Comments m
GoAaT $ % 0 0me A 10 BISA. & 0 E ) - coBMY -2
A B C D E F G H

1 |Reminder: watch period spans 0000-235| Regime Types ->

2 Consult "Event Lo ing Responsibiltes" (WF) Warm FROPA w/mix-out (MP) Marine push {S4) Surface anticyclene

3 documentation here. (EG) Easterly gap fl_ow (18) Inuc‘:sicn—lcvc_l shear  (SW) Extended pre-frontal SJ_’Sle flow

{CO) Convective outflows (WG) Westerly gap flow (0T) Other (free-form description)
: (WS) Significant diurnal wind shift (TW) Topcgraphic wakes
5 | HRRR-WFIP Configuration (CF) Cold FROPA {MH) mountain waves
Regional Characterization: use model
] quidance to supplement observational  Wasco-Area Measurements
cvtnie, 5 necded A T, B o e e "
; Subjective Regime Classification PEAK RAMP (Wasco "Dalek2" (i shou be“wesengt. Put more extenchewrte p on“Remare”she
(enter Type" ID) Lidar, 100m)

8  Date (UTC) DOW EventLogger Dominant ~ Secondary Tertiary  magnitude (mfs) duration

5 5Dec-15 Sat  QingYang CF EG ] no ramps mainly weak easteries/southlies associated with the weak frontal system

5 6Dec-15 Sun QingYang WF WG IS 4ms- 2h pick up in wind speed and shift to westeries at around 20 UTC

5 | 7-Dec-15 Mon Eric Grimit SW WS IS Oms-1 2h Strong SW flow aloft, warm/wet, ramp down at 3 UTC with stable BL, then mixout large up ramp 21
5  8Dec-15 Tue  Eric Grimit sw Ams-1 3h Strong W flow aloft relaxes 7-13 UTC, increased low-level shear, then mixout w/ WSW flow 14-20 L
5 9-Dec15 Wed Eric Grimit CF MW 4ms-1 1h Strong SW flow persists until cold frontal passage at 10-11 UTC, then W post-frontal flow with wave
58  10-Dec-15 Thu Mark Stoelinga CF WF EG "t11ms1"  3h(twice)  Westerly postfrontal to easterly gapfwarm advection aloft back to SWly postfrontal.

5 11-Dec-15 Fri  Mark Stoelinga WG Ams-1 3h Downramping of postfrontal flow, then weak flow, then slight easterly upramp with approach of dyin:
680 12-Dec-15 Sat  Mark Stoelinga -T1+10/-10/+8 m/ 3h/Bhidh/3h

61 13-Dec-15 Sun Jaymes Kenyon ™w CF MW 7 3h CFROPA at Wasco between 08-09Z, then pronounced afternoon waking from Mt Hood

62 14-Dec-15 Mon Jaymes Kenyon SA no ramps Fair weather, steadily weakeneing low-level WNW flow

83 15-Dec-15 Tue Jaymes Kenyon ™w WG ] 225h Development of modest westerly gap flow between Hood, Adams wakes

4 16-Dec-15 Wed Joe Olson WG MW 419 211.5h Weak disturbance passes eastern edge of WFIP2 region; westerly GF with mountain wakes

65  17-Dec-15 Thu Joe Olson EG ] WE-non mix-out 3 2h Warm front passes WFIP2 area later in the day. Easterly GF is not mixed out
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Model Development

Energy
« Scale-aware boundary layer |

physics - transition from 1D to
3D (Kosivi¢ & Jimenez)

Terra incognita |
» af

—
Mesoscale LES

o Scale-aware cumulus mass-flux
coupled to PBL scheme

Wavenumber

1/Dyes 1L 1/Dgs
(NOAA)
_ 1-2 km 0.1 km
« Scale-aware subgrid-scale
clouds (NOAA)
* Improved numerics in complex terrain
* IBM - Immersed Boundary Method Note: New model physics
(K. Lundquist) not yet implemented in
WRF-ARW
The Wind Forecast Improvement Project In Complex Terrain (WFIP2)
=t Northwest Weather Workshop, Seattle, WA — March 4, 2016 m
I-'u.-uul.n:}lr © Sharply Focused LLC & Vaisala Inc.. Distribution Prohibited Without Express Written Permission 30



Errors from terrain-following coordinates
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Width [km] 0 - 30 60
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6F_F(i+1,j)—F(i,j)+az F(i+1,j+1)—F(i+1,))

dx Ax 0x Az
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Development of a three-dimensional

parameterization of turbulent mixing in PBL
Conservation equation for the horizontal wind components:

oU . 90U _
ot ox;

ov . 9V _
at  Jox;

= The vertical turbulent fluxes are parameterized by the PBL scheme

= The horizontal turbulent fluxes are parameterized using Smagorinsky
type (2D) diffusion scheme (Smagorinsky 1963)

= Different closure assumptions between PBL and diffusion schemes

Objective:

Incorporate a more consistent formulation of the
turbulent fluxes based on first principles.

The Wind Forecast Improvement Project In Complex Terrain (WFIP2)
Northwest Weather Workshop, Seattle, WA — March 4, 2016 m
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Development of a three-dimensional

parameterization of turbulent mixing in PBL
Conservation equation for the zonal wind:

an+Uan_ lﬂP_I_z Al
dt jﬂxj_ p 0x; Cijk5 U

= 3D PBL scheme includes (diagnostic) parameterization of all six
turbulent stress components and computation of stress divergence
(Mellor and Yamada 1974,1982; Yamada and Mellor 1975)

= Consistent closure assumption for all stress components

Objective:

Incorporate a more consistent formulation of the
turbulent fluxes based on first principles.

The Wind Forecast Improvement Project In Complex Terrain (WFIP2)
Northwest Weather Workshop, Seattle, WA — March 4, 2016 m
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Delivering information to operators

Mountain Wave Volatility
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Alert Design and Validation

* The alerts we design will be fully probabilistic

= Whatever methods we choose will likely carry significant uncertainty, which
must then be communicated to our users

Wind Project: Klondike
09:00 —12:00

chance of stable cold pool mix-out leading to power up-ramp

12:00 — 15:00
ALERT: 3in 10 chance of mountain wave induced power volatility (up/down)

= The evaluation will require standard methods for verification of probabilistic
forecasts of binary and possibly multi-category event types

— Contingency analysis (hit, miss, and false alarm rates)
— Event-based summary metrics (equitable threat score)

Northwest Weather Workshop, Seattle, WA — March 4, 2016
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Shurplli'

Fovusied

The Wind Forecast Improvement Project In Complex Terrain (WFIP2) mm

36



Summary

WEFIP2 provides a new opportunity to:

« Observe and understand flows & processes in complex terrain

« Gap flows, marine pushes, mountain wakes, trapped lee-waves, cold pool
erosion

* Improve NWP model physics in complex terrain
« Data could be used to evaluate other models, especially global forecasts,

and Improvements hopefully can be transferred to other models in other
geographic regions
* Develop new probabilistic decision support tools

Most data will be available via DOE and NOAA archives
See: http://wfip.esrl.noaa.gov/psd/programs/wfip2/
Contact: jim.mccaa@vaisala.com (PI); justin@sharply-focused.com
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http://wfip.esrl.noaa.gov/psd/programs/wfip2/
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Focused

Understanding Renewable Resources

3367 NE Oregon Street,
Portland, OR 97232

® 503-709-9781
justin@sharply-focused.com

“As yet the wind is an untamed and un-harnessed force;

And quite possibly one of the greatest discoveries hereafter to be made

Will be the taming and harnessing of the wind.”
Abraham Lincoln, Bloomington, IL. April 4, 1858 m
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